LPA (lysophosphatidic acid), a potent bioactive phospholipid, elicits diverse cellular responses through activation of the G-proteincoupled receptors LPA 1 -LPA 4 . LPA-mediated signalling is partially regulated by LPPs (lipid phosphate phosphatases; LPP-1, -2 and -3) that belong to the phosphatase superfamily. This study addresses the role of LPPs in regulating LPA-mediated cell signalling and IL-8 (interleukin-8) secretion in HBEpCs (human bronchial epithelial cells). Reverse transcription-PCR and Western blotting revealed the presence and expression of LPP-1-3 in HBEpCs. Exogenous 
INTRODUCTION
The bioactive phospholipids LPA (lysophosphatidic acid) and S1P (sphingosine 1-phosphate) are present in biological fluids and tissues [1] [2] [3] . LPA induces a variety of signalling cascades, including release of intracellular Ca 2+ , and activation of phospholipases and the small G-protein Rho and MAPK (mitogenactivated protein kinase) family [ERK (extracellular-signal-regulated kinase), p38 and JNK (c-Jun N-terminal kinase)], via heterotrimeric G-protein-coupled LPA 1 , LPA 2 , LPA 3 and LPA 4 receptors [4] [5] [6] [7] [8] [9] . More recently, PPARγ (peroxisome proliferatoractivated receptor γ ) was shown to be an intracellular receptor for LPA [10] . We detected the expression of LPA 1 , LPA 2 and LPA 3 receptors in HBEpCs (human bronchial epithelial cells) by RT-PCR (reverse transcription-PCR), Western blotting and immunocytochemistry [11] .
Because of its role in airway repair and remodelling [12, 13] , LPA has been implicated in the pathology of asthma and COPD (chronic obstructive pulmonary disease). Recent studies have demonstrated that S1P or LPA induces IL-8 (interleukin-8) expression and secretion in HBEpCs [14, 15] , ovarian cancer cells [16, 17] , endothelial cells [18] and human colon DLD1 cells [19] . The chemoattractant IL-8 is a key component of the innate immune response [20] , and plays a critical role in the migration of neutrophils across the alveolar-capillary membrane in lung inflammation and injury [21, 22] . Secretion of IL-8 is regulated primarily at the level of gene transcription, and IL-8's promoter region contains binding sites for NF-κB (nuclear factor-κB) and AP-1 (activator protein-1) [23, 24] .
Although LPA-mediated cellular signalling has been studied extensively, pathways regulating LPA concentrations and LPAdependent signalling are not sufficiently well understood. The LPPs (lipid phosphate phosphatase) family consists of five members, LPP-1, LPP-2, LPP-3, SPP-1 (S1P phosphatase-1) and SPP-2. The LPPs dephosphorylate several bioactive lipid phosphates, including LPA, PA (phosphatidic acid), S1P and ceramide 1-phosphate [25] [26] [27] [28] . The active site of LPPs in three conserved domains lies either on the outside of the cell or on the luminal surface of the endoplasmic reticulum or Golgi [29] [30] [31] . The LPPs hydrolyse exogenous lipid phosphates and attenuate cell signalling [32, 33] . In ovarian cancer cells, > 90 % of LPA degradation was mediated by LPP-like enzyme(s), while LPP-1 mRNA levels in ovarian cancer and lung cancer were decreased 2-5-fold as compared with normal epithelium [34, 35] . Overexpression of recombinant LPP-1 decreased MAPK activation, DNA synthesis, PLD (phospholipase D) activation and changes in [Ca 2+ ] i (intracellular Ca 2+ concentration) induced by exogenous LPA in rat fibroblasts [33] . The functional role of LPPs is not limited to their ecto-enzyme activities, as LPP-3 has been shown to regulate cellcell interactions in human endothelial cells [36] . Using an LPP-3 knockout mouse, this phosphatase has been shown to regulate extra-embryonic vasculogenesis and axis patterning [37] .
In the present study, we have investigated potential signalling pathways for stimulating IL-8 secretion that are activated by LPA in HBEpCs. Our results show that LPA-induced IL-8 expression and secretion are dependent on changes in [Ca 2+ ] i , IκB (inhibitory κB) phosphorylation and translocation of NF-κB to the nucleus. Furthermore, we studied the role of LPPs in regulating LPAmediated signalling and IL-8 secretion. All three LPP isoforms are expressed in HBEpCs, and overexpression of hLPP-1 (human LPP-1) attenuates the LPA-induced release of intracellular Ca 2+ , IκB phosphorylation, translocation of NF-κB to nucleus, and IL-8 secretion. These results show for the first time a physiological role for LPP-1 in regulating these signalling pathways and in attenuating the LPA-induced secretion of the inflammatory cytokine IL-8 in HBEpCs.
EXPERIMENTAL

Materials
1-Oleoyl (C 18:1 )-LPA was purchased from Avanti Polar Lipids (Alabaster, AL, U.S.A.). Mono-oleoyl [9,10- 3 H]LPA (specific radioactivity 58 Ci/mmol) was obtained from Perkin Elmer Life Sciences (Boston, MA, U.S.A.). Bay11-7082 and BAPTA/AM [bis-(o-aminophenoxy)ethane-N,N,N ,N -tetra-acetic acid tetrakis(acetoxymethyl ester)] were purchased from A. G. Scientific Inc. (San Diego, CA, U.S.A.). Antibodies for phospho-IκB (phosphorylated on Ser 32 ), β-actin and the NF-κB p65 subunit were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, U.S.A.). Antibodies against EGF-R (epidermal growth factor receptor) were from Upstate Biotechnology (Lake Placid, NY, U.S.A.), and antibodies against phospho-EGF-R (phosphorylated on Tyr 1173 ) were from Cell Signaling Technology (Beverly, MA, U.S.A.). Human anti-LPP-2 and anti-LPP-3 antibodies were purchased from Exalpha Biologicals, Inc. (Watertown, MA, U.S.A.). Horseradish peroxidase-conjugated goat anti-rabbit, anti-mouse and Alexa Fluor-488 goat anti-rabbit and anti-mouse were purchased from Molecular Probes (Eugene, OR, U.S.A.). ECL ® kit for detection of proteins by Western blotting was obtained from Amersham Pharmacia Inc. (Piscataway, NJ, U.S.A.). The ELISA kit for IL-8 measurement was purchased from Biosource International Inc. (Camarillo, CA, U.S.A.). All other reagents were of analytical grade.
Cell culture
Primary HBEpCs were isolated from normal human lung obtained from lung transplant donors following overnight digestion of the tissue as described previously [38] . The protease was neutralized by the addition of 10 % (v/v) fetal calf serum, and the epithelial cells were freed from the tissue by agitation, isolated by centrifugation and then seeded on to Vitrogen-coated P-100 dishes in serum-free basal essential growth medium (supplied by Clonetics, BioWhittaker, Walkersville, MD, U.S.A.) supplemented with growth factors. Cells were incubated at 37
• C in 5% CO 2 /95 % air and subsequently propagated in 35 mm or 100 mm collagencoated dishes. All experiments were carried out between passages 1 and 4.
Measurement of IL-8 secretion
HBEpCs were pretreated with various concentrations of BAPTA/ AM or Bay11-7082 for 1 h. After pretreatment, the media were aspirated and the cells were challenged in basal essential growth medium containing 0.1 % (w/v) BSA with or without LPA or other agonists at the indicated concentrations for specified time periods, and IL-8 levels in cell supernatants were analysed by ELISA (Biosource International).
Measurement of [Ca 2+ ] i
HBEpCs were plated on regular glass coverslips (30 mm × 8 mm) that were coated with 0.1 % vitronectin solution for 1 h at room temperature. Cells (∼ 80 % confluence) were loaded with the fluorescent calcium indicator fura 2 acetoxymethyl ester (5 µM) for 15 min in 1 ml of total BEBM (bronchial epithelial basal medium). Cells were challenged with LPA (1 µM), and fura 2 fluorescence was measured at excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm, as described in [39] .
Adenovirus production of wild-type and catalytically inactive LPP-1
The hLPP-1 complete cDNA expression vector, an inactive hLPP-1 (R217K) mutant [40] , mLPP-1 (mouse LPP-1) complete cDNA or an inactive mLPP-1 mutant [31] with a cytomegalovirus promoter were transferred into an adenovirus-packing cell line following the manufacturer's instructions. The recombinant plasmids were linearized and propagated in HEK 293 cells, and hightitre purified preparations (∼ 10 10 plaque-forming units/ml) were generated by the University of Iowa Gene Transfer Vector Core.
Adenoviral infection of HBEpCs
Infection of HBEpCs (60-80 % confluence) in 35 or 60 mm dishes was carried out with vector, hLPP-1 wt (wild type), hLPP-1 (R217K) mutant [MOI (multiplicity of infection) 25], Myc-tagged mLPP-1 or Myc-tagged mLPP-1 mutant (MOI 1-10). Viral infection was allowed to proceed in complete BEBM for a further 24-48 h.
Preparation of cell lysates, immunoprecipitation, and Western blots
HBEpCs infected with control, vector control or adenovirus were grown in 100 mm dishes and stimulated with LPA, rinsed twice with ice-cold PBS and lysed in 1 ml of lysis buffer [11] . Equal amounts of protein (500 µg) were incubated with anti-Myc antibody (1:100 dilution) overnight at 4
• C followed by addition of 50 µl of Protein A/G-agarose and additional incubation for 1-2 h at 4
• C. Cell lysates were centrifuged at 5000 g for 2 min, and washed five times with ice-cold PBS. Equal amounts of protein (20 µg) were subjected to SDS/PAGE on 10 % gels and incubated with primary antibodies against c-Myc (9E10), LPPs, IκB or β-actin in 5 % (w/v) BSA in TBST (Tris-buffered saline containing 0.1 % Tween 20) for 1 h at room temperature. The membranes were washed at least three times with TBST at 15 min intervals and then incubated with either mouse or rabbit horseradish peroxidase-conjugated secondary antibody (1:3000 dilution) for 1-2 h at room temperature, and developed with an enhanced chemiluminescence detection system according to the manufacturer's instructions (Amersham).
RT-PCR
Total cellular RNA was extracted from HBEpCs using an RNEasy kit (Qiagen, Los Angeles, CA, U.S.A.) according to the manufacturer's instructions. cDNA was generated using a cDNA synthesis kit according to the manufacturer's recommendation. The PCR programme for LPPs was as follows: denaturation at 94
• C for 3 min, and then 30 cycles of amplification consisting of denaturation at 94
• C for 1 min, annealing at 55 • C for 2 min, and extension at 72
• C for 3 min. The PCR products were confirmed by sequencing. Specific primers for hLPP-1, hLPP-2, hLPP-3 and human SPP-1 were constructed based on published data in GenBank. LPP-1: forward, 5 -CTTCAAGCCAGGATGAAGGGAG-3 ; reverse, 5 -CTGGTGATTGCTCGGATAGTG-3 (294 bp); LPP2: forward, 5 -CATCTCAGACTTCTTCAAAGCCCG-3 ; reverse, 5 -CAGCAACTATCTGATCTCTCGG-3 (429 bp); LPP-3: forward, 5 -CAGCGCCATCAAAACTACAAG-3 ; reverse, 5 -CACAGAGCACAGCGTCATTTATTG-3 (275 bp); SPP-1: forward, 5 -GGTAAAGCCAGGTCAGAATTAGGC-3 ; reverse, 5 -GCCTCCCATGTTCAACATCATGG-3 ) (536 bp).
Real-time PCR
Total RNA was extracted and isolated using TRIzol reagent (Life Technologies, Gaithersburg, MD, U.S.A.). One-step RT-PCR was performed in a Light-Cycler using the SYBR Green QuatiTet RT-PCR kit (Qiagen, Valencia, CA, U.S.A.). Primers for 18 S RNA were used as a housekeeping gene to normalize expression. Primers were designed based on the cDNA of human IL-8 (forward, 5 -TTCTGCAGCTCTGTGTGAAGG-3 ; reverse, 5 -AT-GAATTCTCAGCCCCTCTTC-3 ; 295 bp). RT was carried out at 50
• C for 20 min followed by cycling to 95
• C for 15 min. Amplicon expression in each sample was normalized to its 18 S RNA content.
Measurement of LPP ecto-activity in HBEpCs
HBEpCs were grown on 35 mm dishes to ∼ 90 % confluence. LPA (1 µM) (unlabelled plus [ 3 H]LPA at 100 000 d.p.m. per dish; specific radioactivity 2.2 × 10 3 d.p.m./pmol) complexed to 0.1 % (w/v) BSA in 1 ml of BEBM was added to HBEpCs and cells were incubated at 37
• C for various times (0-120 min). The media (1 ml) were transferred to glass tubes and 2 ml of methanol/HCl (100:1, v/v) was added. Lipids were extracted by addition of 2 ml of chloroform and 0.8 ml of water, and centrifuged to separate the chloroform and methanol/aqueous phases. The lower chloroform phase was removed into vials and evaporated under N 2 , and the hydrolysis of [ 3 H]LPA to [ 3 H]monoacylglycerol and other metabolites such as free oleic acid was determined after separation by TLC on silica gel H plates in the presence of unlabelled monoacylglycerol, oleic acid and triacylglycerol, which were added as carriers to the total lipid extracts. The TLC plates were developed in hexane/diethyl ether/acetic acid (60:40:1, by vol.), exposed to iodine vapours to identify the lipids, and areas corresponding to monoacyl-, diacyl-and triacyl-glycerol and oleic acid were scraped into vials and counted for radioactivity. The hydrolysis of [ 3 H]LPA was expressed as a percentage of the total radioactivity added to the cells.
Measurement of LPP activity in cell-free preparations
Dephosphorylation of [ 3 H]LPA complexed with fatty acid-free BSA was determined as described previously [41] . In brief, LPP activity assays were performed in total cell lysates or immunoprecipitates from cells infected with vector control, Myc-tagged mLPP-1 wt, or Myc-tagged mLPP-1 (R217K) mutant (MOI 10; • C for 30 min in a shaking water bath. Assays were terminated by the addition of 25 µl of 12 M HCl, and lipids were extracted after adding 1 ml of methanol, 1 ml of chloroform and 0.65 ml of water. The samples were centrifuged for 10 min at 5000 g and [
3 H]MOG (monooleoylglycerol), free oleic acid and non-hydrolysed LPA were quantified after separation on TLC using hexane/diethyl ether/ acetic acid (40:60:1, by vol.) as the developing solvent system. Non-labelled MOG and oleic acid were added as carriers for visualization under I 2 vapours. In this solvent system, LPA stayed at the origin with other polar lipids, while MOG and oleic acid exhibited relative mobilities of 0.15 and 0.45 respectively.
Immunocytochemistry
Control, vector control or Myc-tagged-mLPP-1-overexpressing HBEpCs were grown on coverslips to ∼ 80 % confluence. After treatment, coverslips were rinsed with PBS and treated with 3.7 % (v/v) formaldehyde in PBS at room temperature and cells were permeabilized with 0.5 % Triton X-100 for 2 min. Cells were subjected to immunostaining with antibody against NF-κB p65 subunit (1:200 dilution) or c-Myc (9E10; 1:200 dilution) for 1 h, washed three times with TBST and stained with Alexa Fluor 488 (1:200 dilution in blocking buffer; 1 h) as secondary antibody. After washing twice with TBST, the coverslips were mounted using commercial mounting medium for fluorescent microscopy (Kirkegaard and Perry Laboratories, Gaithersburg, MD, U.S.A.), and were examined using a Nikon Eclipse TE 2000-S immunofluorescent microscope.
Statistical analyses
All results were subjected to statistical analysis using oneway ANOVA and, where appropriate, analysed by a StudentNewman-Keuls test. Data are expressed as means + − S.D. of triplicate samples from at least three independent experiments, and the level of significance was taken to be P < 0.05.
RESULTS
Expression of LPPs in primary culture of HBEpCs
LPPs control lipid phosphate levels in tissues and biological fluids via their ecto-enzyme activity [33] [34] [35] . To determine the role of LPPs in LPA-induced IL-8 secretion, we characterized LPP isoforms in HBEpCs by RT-PCR and Western blotting. RNA was extracted from HBEpCs, primers were designed from hLPP-1, hLPP-2, hLPP-3 and human SPP-1 cDNA sequences, and RT reactions were performed using random primers with and without reverse transcriptase enzyme. As shown in Figure 1 (A), LPP-1, -2 and -3 as well as SPP-1 were detected by RT-PCR and showed the expected size (bp) on the gel. The PCR products were subcloned into the TOPO vector, and were then confirmed by sequencing (Y. Zhao and V. Natarajan, unpublished work). Additionally, protein expression of the LPP-1 (∼ 38 kDa), LPP-2 (∼ 36 kDa) and LPP-3 (∼ 34 kDa) isoforms was confirmed by Western blotting with LPP-specific antibodies ( Figure 1B ). These data show that HBEpCs express LPP-1, -2 and -3 as well as SPP-1. We did not detect the presence of SPP-2 by RT-PCR. As LPP-1-3, but not SPP-1 and -2, are ecto-enzymes, their catalytic sites are located outside the plasma membrane. When [ 3 H]-LPA (1 µM) complexed to 0.1 % BSA in BEBM was added on top of the HBEpCs, time-dependent hydrolysis to MOG and free oleic acid was observed; at the end of 2 h, almost 70 % of the added [ 3 H]LPA had been hydrolysed (Figures 2A and 2B ). Of the total radioactivity added to cells, ∼ 80 % and ∼ 20 % was recovered from the medium and cells respectively. Analysis by TLC of the lipid extracts from the medium revealed that, up to 30 min of incubation, [ 3 H]MOG and oleic acid accumulated almost equally; however, at 60 and 120 min the major breakdown product was [ 3 H]oleic acid ( Figure 2A) . Also, approx. 10 % of the total radioactivity in the lipid extracts from the medium and from the cells was in diacylglycerol, triacylglycerol and phospholipid fractions. Our data also show the presence of small amounts of [ 3 H]LPA in the lipid extracts from cells. The LPP-mediated hydrolysis of [ 3 H]-LPA was attenuated by vanadate and diperoxovanadate, but not by the serine/threonine phosphatase inhibitors okadaic acid and tautomycin (results not shown).
Next we investigated the effects of overexpression of hLPP-1 wt and hLPP-1 mutant on LPA hydrolysis in intact and cell-free preparations. HBEpCs were infected with empty vector or adenoviral constructs containing hLPP-1 cDNA (25 MOI) for 24 h and 48 h, and cell lysates were analysed for increased expression of hLPP-1 wt, Myc-tagged mLPP-1 wt or Myc-tagged mLPP-1 mutant protein by Western blotting and immunocytochemistry. As shown in Figure 3(A) , infection of HBEpCs with adenoviral constructs of hLPP-1 wt enhanced the expression of the wt protein in a time-dependent fashion. Also, the expression of Myc-tagged mLPP-1 wt or mutant was increased at a MOI of either 1 or 10, as detected by Western blotting with anti-Myc antibody ( Figure 3B ). To determine the localization of overexpressed LPP-1, HBEpCs were infected with adenoviral vectors containing C-terminally Myc-tagged mLPP-1 wt (MOI 10) for 12, 24 and 48 h, and cells were immunostained with anti-Myc antibody (9E10) to examine the distribution. In unstimulated HBEpCs, overexpressed mLPP-1 wt was localized at the cell surface and possibly in intracellular organelles, including the perinuclear membrane, but not inside the nucleus ( Figure 3C ). Furthermore, overexpression of hLPP-1 wt or mLPP-1 mutant had no effect on the expression of LPP-2 or LPP-3, as determined by RT-PCR and Western blotting (results not shown). The functional significance of overexpression of LPP-1 wt or mutant was tested by determining the hydrolysis of Figure 3D ). We then examined LPP activity in cell lysates and immunoprecipitates from HBEpCs infected with vector control or Myctagged mLPP-1 wt or mLPP-1 mutant. As shown in Table 1 , lysates Our results are consistent with earlier published work on LPP-1 localization and activity in fibroblasts [42] , and in resting and stimulated platelets [41] .
Overexpression of LPP-1 attenuates LPA-induced changes in [Ca 2+ ] i , NF-κB activation and IL-8 secretion
We have recently reported that LPA stimulates IL-8 production via activation of protein kinase Cδ and NF-κB signalling pathways in HBEpCs [43] . Furthermore, it has been shown that overexpression of LPP-1 attenuates LPA-mediated ERK phosphorylation and PLD activation in rat fibroblasts [33] and Rho activation in platelets [41] . This prompted us to determine whether overexpression of LPP-1 modulates LPA-induced changes in [Ca 2+ ] i , NF-κB signalling and IL-8 secretion in HBEpCs. Cells were grown on coverslips and loaded with the fluorescent calcium indicator fura 2 acetoxymethyl ester (5 µM) for 10 min; they were then challenged with 1 µM LPA for 10 min and changes in [Ca 2+ ] i were measured as the ratio of 340/380 nm fluorescence. In LPAchallenged cells ( Figure 4A Next we investigated the effects of overexpression of LPP-1 on LPA-mediated NF-κB activation. LPA (1 µM) challenge for 15 min increased IκB phosphorylation in HBEpCs, and overexpression of hLPP-1 for 48 h attenuated LPA-dependent phosphorylation of IκB and translocation of NF-κB to the nucleus, as determined by immunocytochemistry ( Figures 4B and 4C ). In these experiments, hLPP-1 overexpression increased the hydrolysis of added LPA (vector control ∼ 1.5 % to 3.5 % in overexpressing cells), indicating that availability of total exogenous LPA in the medium was unlikely to be a major limiting factor in attenuating the signalling of NF-κB. Also, pretreatment of HBEpCs with BAPTA/AM (10-25 µM) attenuated LPA-induced IκB Figure 4(D) , overexpression of mLPP-1 wt did not alter EGF-mediated phosphorylation of EGF-R.
In parallel experiments, we examined the effects of hLPP-1 overexpression on LPA-, PMA-and TNF-α (tumour necrosis factor-α)-induced IL-8 secretion in HBEpCs. Overexpression of hLPP-1 (MOI 10) for 24 h attenuated LPA-mediated IL-8 production by ∼ 80 % compared with control cells (Table 2) . Interestingly, overexpression of hLPP-1 also prevented PMA-and TNF-α-mediated IL-8 secretion by ∼ 20 % and ∼ 40 % respectively. These results demonstrate that hLPP-1 overexpression significantly decreased LPA-induced IL-8 production, and it also decreased, to a lesser extent, the effects of PMA and TNF-α in this respect. Similar to Ca As LPA added exogenously to HBEpCs is metabolized to MOG and free oleic acid, we tested if these metabolites also stimulated IL-8 secretion. Treatment of HBEpCs with LPA (1 µM), but not with MOG (1 µM) or oleic acid (1 µM), for 3 h resulted in significant secretion of IL-8 (results not shown). This indicates that LPA, but not its major breakdown products MOG and oleic acid, stimulates IL-8 production in HBEpCs.
Effects of LPA 3 receptor agonists on IL-8 secretion
To test the possible role of LPP-1 in regulating intracellular signal transduction and IL-8 generation, we tested the effects of the LPA 3 receptor agonists XY-17 [(3S)-1-fluoro-3-hydroxy-4-(oleoyloxy)butyl-1-phosphonate] and OMPT (D-sn-1-oleoyl-2-methylglyceryl-3-phosphothionate). XY-17 is a phosphonate analogue of LPA that is resistant to LPP action, while OMPT is hydrolysed by LPPs, but a much lower rate compared with LPA [44, 45] . HBEpCs were infected with vector control or mLPP-1 wt adenoviral constructs (MOI 10) for 24 h prior to exposure to To establish whether the catalytic activity of LPP-1 is involved in modulating LPA signalling, we investigated the effects of the overexpression of the catalytically inactive mLPP-1 (R217K) mutant on LPA-induced Ca 2+ release, NF-κB activation and IL-8 gene expression and secretion. As shown in Figure 6(A) , overexpression of mLPP-1 wt (MOI 1 and 10) for 24 h attenuated LPA-induced IL-8 secretion. Overexpression of mLPP-1 (R217K) mutant at MOI 1 had no effect on LPA-induced IL-8 secretion; however, infection of cells with mLPP-1 (R217K) at MOI 10 blocked ∼ 40 % of LPA-induced IL-8 secretion ( Figure 6A ). To further understand the effect of infection with a higher dose of the mLPP-1 mutant on LPA-induced IL-8 secretion, we determined the expression of IL-8 mRNA by real-time PCR. As shown in Figure 6 (B), LPA increased IL-8 gene expression, and overexpression of the mLPP-1 mutant (MOI 1 and 10) did not modulate IL-8 gene expression by LPA. Since our results show that LPA-induced IL-8 gene expression and secretion are dependent on [Ca 2+ ] i and NF-κB signalling, we also checked the effects of overexpression of the mLPP-1 (R217K) mutant on LPA-mediated [Ca 2+ ] i and NF-κB signalling. Unlike the effect of LPP-1 wt, overexpression of mLPP-1 (R217K) mutant had no effect on LPA-induced changes in [Ca 2+ ] i , IκB phosphorylation or NF-κB nuclear translocation (Figures 7A-7C) . These results show that the partial attenuation of LPA-mediated IL-8 secretion by the mLPP-1 (R217K) mutant does not occur at the transcriptional level and is not due to altered Ca 2+ responses, IκB phosphorylation or NF-κB activation.
DISCUSSION
The present study provides for the first time compelling evidence that LPP-1 regulates LPA-induced IL-8 secretion in HBEpCs. Our results show that overexpression of LPP-1 attenuates LPA-dependent increases in [Ca 2+ ] i , NF-κB activation and IL-8 production. These results are consistent with the hypothesis that LPPs are negative regulators of LPA signalling and have a definite role in the metabolism of intra-and extra-cellular LPA and cellular functions [29] [30] [31] [32] 41, 46] . The LPP superfamily includes bacterial phosphatases, yeast diacylglycerol pyrophosphatase, mammalian glucose-6-phosphatase and Wunen proteins in Drosophila [26, 31] . Expression of LPP-1 and LPP-3 has been shown in human lung tissue [26] . We detected expression of all the three isoforms of LPP by RT-PCR and Western blotting (Figure 1) , and exogenous LPA was hydrolysed to MOG by LPP-like activity in HBEpCs (Figure 2 The localization of native and overexpressed LPP-1, -2 and -3 has been reported in several mammalian cells [29] [30] [31] [32] 34] . In our present study, infection of cells with adenoviral constructs containing Myc-tagged mLPP-1 wt resulted in localization of the overexpressed protein in both the plasma membrane and the cytoplasm, as shown by immunofluorescence microscopy. The overexpressed LPP-1 was functionally active, as demonstrated by enhanced total LPP activity and hydrolysis of exogenous [ 3 H]LPA as compared with vector control cells. Our present results are compatible with earlier published work on the cell surface localization of LPP-1 that was associated with increased LPP activity and decreased LPA-and S1P-mediated signal transduction. LPP-1 overexpression attenuated the activation of p42/44 MAPK, stimulation of DNA synthesis by exogenous LPA and LPAinduced increases in Ca 2+ mobilization and activation of PLD in fibroblast [33] . In platelets, LPP-1 regulates LPA production and signalling, and inhibiting LPP activity by sn-3-substituted difluoromethylenephosphonate potentiated platelet aggregation and shape change responses to LPA [41] . Transfection of LPP-1 or LPP-2, but not LPP-3, substantially decreased S1P-, LPA-or PAdependent stimulation of the p42/p44 MAPK pathway in HEK 293 cells [33] . Furthermore, in that study the reduced p42/p44 MAPK activation was correlated with decreased formation of intracellular PA, but not with the ecto-LPP activity [33] . Here, we found that overexpression of LPP-1 attenuated LPA-induced increases in [Ca 2+ ] i ( Figure 4A ), phosphorylation of IκB, translocation of NF-κB to the nucleus ( Figures 4B and 4C ) and IL-8 secretion ( Table 2 ). We also found that overexpression of the catalytically inactive mLPP-1 (R217K) mutant partially attenuated LPA-mediated IL-8 secretion, which was independent of its lack of enzyme activity. Overexpression of the mLPP-1 (R217K) mutant had no significant effect on [ 3 H]LPA hydrolysis or on LPA-induced Ca 2+ release, IκB phosphorylation, NF-κB translocation to the nucleus or IL-8 gene expression in HBEpCs (Figures 6 and 7) . Interestingly, infection of cells with the mLPP-1 (R217K) mutant at MOI 10, but not at MOI 1, partially attenuated LPA-induced IL-8 secretion without altering IL-8 mRNA levels, as quantified by real time RT-PCR. At this time, the mechanism responsible for the LPP-1 (R217K) mutant partly blocking IL-8 production by LPA is unclear.
Attenuation of LPA-induced signalling and IL-8 secretion by overexpression of LPP-1 cannot be attributed to significant hydrolysis of exogenous LPA alone. As shown in Figure 3 release, IκB phosphorylation and NF-κB activation, were performed for 15 or 30 min, suggesting that availability of LPA was not a limiting factor in attenuation of the signals by LPP-1. We also observed that overexpression of LPP-1 wt attenuated PMAor TNF-α-mediated IL-8 generation to a lower extent compared with its effects on a LPA challenge (Table 2 ). This suggests that LPP-1 may have additional action(s) on intracellular signalling pathways involved in the regulation of IL-8 formation that may be independent of its activity in the dephosphorylation of exogenous LPA. Experiments conducted with the LPA 3 receptor agonists XY-17 and OMPT also indicated possible alternative mechanism(s) for LPP-1 action. XY-17, a non-hydrolysable analogue of LPA, increased IL-8 production in HBEpCs, and overexpression of LPP-1 partially attenuated the XY-17-mediated effect (Figure 5) . Similar results were obtained with OMPT in vector control cells and in those overexpressing LPP-1, indicating other possible intracellular effect(s) of LPP-1 on signal transduction and agonistinduced IL-8 generation. Agonists such as XY-17 or PMA/TNF-α may generate intracellular lipid phosphates that could initiate intracellular signalling cascades [5] . Although XY-17 and OMPT are supposed to be specific agonists for LPA 3 receptors, our results do not exclude signalling via LPA 1 or LPA 2 receptors. We have shown previously that butan-1-ol, but not butan-3-ol, and catalytically inactive mutants of PLD1 and PLD2 attenuated S1P-induced IL-8 production in Beas-2B cells, suggesting the involvement of PA generated by PLD signal transduction in enhanced cytokine secretion [11] . Similar to previous studies with S1P [11] , overexpression of catalytically inactive mutants of PLD1 and PLD2 or hLPP-1 wt, but not mLPP-1 mutant, attenuated LPA-mediated IL-8 secretion in HBEpCs (results not shown). As LPA stimulates PLD1 and PLD2 in HBEpCs, it is possible that at least some of the observed effects of LPP-1 overexpression may be due to its intracellular action either on PA or on LPA that could be derived from PA.
Alteration of the expression of LPP by genetic manipulation in organisms or cells in culture has been a useful tool in understanding the physiological role of these ecto-enzymes. Overexpression of LPP-3 decreases the growth, survival and tumorigenesis of ovarian cancer cells by increasing the degradation of exogenous LPA [35] . In that study, the decrease in growth caused by LPP-3 was rescued by the addition of a non-hydrolysable LPA analogue, suggesting a role for extracellular LPA in modulating tumour growth [35] . Our finding that LPP-1 modulates LPA-induced signal transduction and IL-8 secretion is intriguing, since this may provide a novel therapeutic approach to regulating airway inflammation resulting from elevated LPA levels in the lung. In Drosophila, inactivation or misexpression of LPP alters germ cell migration in early development, suggesting changes in signal transduction mediated by the LPP-dependent degradation of lipid mediators [47] . Mice that overexpress LPP-1 exhibited decreases in birth weight and abnormalities in fur growth, hair structure and numbers of hair follicles [48] . Furthermore, immortalized fibroblasts isolated from the LPP-1-overexpressing mice showed increased accumulation of diacylglycerol in response to phorbol ester, without significant differences in ERK phosphorylation by LPA, S1P, thrombin, EGF and platelet-derived growth factor [48] . In contrast, LPP-2 knockout mice showed normal viability and phenotype [49] , whereas LPP-3 knockout mice displayed severe phenotypic changes, including shortening of the anteriorposterior axis [37] . Additionally, LPP-3 deficiency resulted in decreased β-catenin-mediated transcription of T cell factor, while overexpression of LPP-3 exhibited an opposite effect [37] .
Further investigations with LPP knockouts should provide useful information on the role of these phosphatases in regulating cytokine secretion and neutrophil diapedisis in airway inflammatory diseases.
Agonist-induced IL-8 secretion in epithelial cells and ovarian cancer cells is regulated at the transcriptional level by AP-1 and NF-κB [16, 43] . Earlier studies suggested possible roles for protein kinase C, MAPKs, Rho and PLD in LPA-and S1P-induced IL-8 production in HBEpCs and Beas-2B cells [14, 15, 43] . The − 162 to + 44 nt region of the IL-8 gene promoter contains consensus binding sequences for AP-1 (between − 127 and − 119) and NF-κB (between − 80 and − 70) [23, 24] , suggesting that LPA activates one or both of these transcription factors to regulate IL-8 gene transcription. Consistent with this, inhibition of transcription by actinomycin D abolished LPA-induced IL-8 secretion in HBEpCs (results not shown). LPA-induced IL-8 secretion involving LPPs is of physiological relevance in inflammatory diseases of the airway, such as asthma and COPD. IL-8 is a powerful chemoattractant for neutrophils at sites of acute inflammation, and elevated levels of IL-8 have been reported in the bronchoalveolar lavage of patients with chronic lung disorders, including asthma, pulmonary sarcoidosis and acute respiratory distress syndrome [20] [21] [22] [23] . Bronchoalveolar lavage from segmental allergen-challenged asthmatics had higher levels of S1P, that was associated with smooth muscle cell proliferation and IL-6 secretion [50] . Our own studies with bronchoalveolar lavage from allergen-challenged asthmatics indicate higher levels of LPA and eosinophils compared with non-allergen-challenged controls [51] . At present, the source of LPA and the mechanism(s) of LPA production in the bronchoalveolar lavage are unclear.
In summary, our findings demonstrate that LPA is a potent stimulator of IL-8 secretion, regulated in part by changes in [Ca 2+ ] i , IκB phosphorylation and NF-κB activation, and transcriptional activation of IL-8 gene expression in HBEpCs. Our results also show that HBEpCs express LPPs, and that overexpression of LPP-1 attenuated LPA-dependent intracellular signalling upstream of IL-8 secretion. Our work therefore provides novel information that controlling the metabolism of LPA, or signalling downstream of LPA receptor activation, is able to control the release of the cytokine IL-8, and thus regulate the propagation of an inflammatory signal cascade in the lung. Hopefully this new knowledge will provide a new therapeutic target for treating inflammatory lung disease. 
